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ABSTRACT
Ochoco Dam, a hydraulic fill structure, was completed in 1920 and is located just east of Prineville, Oregon. Foundation units consist
of a massive landslide, talus/alluvial fan complex, alluvium, and John Day Formation. Dam embankment right-abutment seepage occurred
during first filling. Upstream right-abutment treatment in 1921 reduced this seepage from an estimated 43 cfs to approximately 28 cfs.
Further modifications were completed in 1950 reducing seepage to approximately 12 cfs. As part of the U.S. Bureau of Reclamation's
dam safety program, geotechnical investigations were started in 1985. Following this program, erratic piezometer readings in 1989 and
sinkhole development along the upstream right abutment led to water surface restriction and construction of a right-abutment
geomembrane liner in 1990. Further deteriorating conditions prompted draining of the reservoir in 1993. Extensive modifications,
including an upstream zoned embankment with graded filters and drainage system exiting through maximum section of the original
embankment, were completed in 1995. First-filling criteria were instituted following these modifications. On May 17, 1995, turbid flow
was noted in the main drain outflow with drainage increasing from 1,770 gpm to 3,600 gpm, accompanied by a dramatic rise in pore
pressure and increased flows from right-abutment weirs. Extensive underwater examinations and a fluorescein tracer dye testing program
resulted in discovery of a ten-foot-diameter sinkhole in the upstream embankment. The sinkhole was backfilled and the reservoir was
drained for repairs. Forensic investigations indicated complete sinkhole penetration of the newly constructed embankment with extension
down to the 1918 hydraulic fill through an unexpected wedge of large rockfill from previous construction. Following these repairs, dam
performance has been closely monitored through the 1996 and 1997 irrigation seasons with performance within expected parameters.
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INTRODUCTION

BACKGROUND

Ochoco Dam, part of the Crooked River Project, is located in
central Oregon approximately six miles east of the town of
Prineville, Oregon. The dam was built as a hydraulic-fill
structure immediately after World War I (1918-1920) as part of
the State of Oregon's Veterans Farm Settlement Program (U.S.
Bureau of Reclamation, 1981 ). The reservoir has a storage
capacity of 46,500 acre-feet at normal water surface elevation
3,130.9 feet. The dam provides flood control and irrigation to
Prineville as well as substantial recreational benefits. Seepage
problems have plagued the structure since initial construction
and have required continued close monitoring, with numerous
rehabilitations and modifications to the structure and
appurtenances over the years. Spillway modifications were
recently completed as part of Reclamation's dam safety program
to address deficiencies in the ability to pass large flood events.

The original dam was about 120 feet high and 950 feet long. An
uncontrolled, concrete-lined spillway was excavated into the left
abutment. The outlet works consisted of an 8-foot-insidediameter (ID) concrete control tower with high pressure gate and
an 8.75-foot ID cut-and-cover horseshoe-shaped tunnel near the
maximum section of the dam 382 feet long (Fig. 1).
Rehabilitative construction of the dam by Reclamation in 19491950 included additions of compacted materials of impervious,
pervious, and riprap zones on the upstream and downstream side
of the structure. The rehabilitated structure was 125 feet high
with a crest length of 1,350 feet. The length of the spillway was
extended. A 44-inch-ID steel pipe was placed in the outlet
tunnel and the length of the outlet works conduit was extended.
One high-pressure, 3.25-foot-square regulating gate, in the
control house constructed at the toe of the dam, eliminated the

470
need to regulate discharges from the upstream tower located in
the reservoir. The capacity of the outlet works at reservoir
elevation 3,130.9 feet is 440 cfs.

SITE GEOLOGY
General
Ochoco Dam is in a geologically complex region dominated by
a long history of volcanic activity that has continued to the
present day in the Cascade Mountains to the west (Fig. 2).

Fig. 1 Aerial view to the east showing Ochoco Dam and
Reservoir. The original borrow area on the right abutment
landslide is readily visible as a prominent vegetation-free area.
The pond in the floodplain downstream of the dam marks the
location of the borrow area/or zones 1, 2 and 3 placed during
Reclamation's rehabilitation of the dam in 1949-1950. U.S.
Bureau of Reclamation photograph by J.D. Roderick, May 15,
1970.

Close monitoring of the dam revealed safety concerns for the
structure that resulted in a 21-foot reservoir restriction imposed
in September 1989. This restriction, combined with the
placement of an impervious geomembrane liner in the fall of
1990 on the right abutment, focused on reducing seepage and
stabilizing the dam until further modifications could be made.
Concern for the safety of Ochoco Dam grew as deteriorating site
conditions were observed. Evacuation of the reservoir was
announced on December 14, 1993, and drainage of the reservoir
was started immediately.
The most recent dam safety modifications to Ochoco Dam
included additions of an interceptor filter and drainage elements
with zoned-earthen embankment completed in 1995. A sinkhole developed during first filling in 1995, and additional
rehabilitation was completed in the fall of 1995. Embankment
volume from the original hydraulic-fill construction was about
600,000 cubic yards, which increased to about 750,000 cubic
yards with the embankment zones added in the 1949-1950
rehabilitation. The 1994-1995 geotechnical modifications
included 1.8 million cubic yards of "excavate and replace"
materials that increased the total yardage of the modified dam to
about 1.32 million cubic yards.
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Fig. 2 Generalized geologic map of the Ochoco Dam area.
Adaptedfrom Waters and Vaughn, 1968.
The bedrock geology of the drainage basin, reservoir area and
deep foundation of the dam consists of a complex sequence of
tuffs, lapilli tuffs, volcanic breccia, ash flows and lava flows
interbedded with mudflows and fluviolacustrine tuffaceous
sediments of the Clarno and John Day formations that are
Oligocene to Miocene in age (Noblett, 1981; Wells et al., 1984).
These formations have experienced varying degrees of faulting
and folding since their deposition (Hawkins et al., 1988) and
have been deeply eroded. Continued volcanic activity that
appears to be Pliocene to Early Pleistocene in age resulted in
eruption of basaltic lava flows south of the reservoir area. The
youngest of these flows caps the reservoir rim immediately south
ofOchoco Dam and is relatively undeformed (Swanson, 1969).
The valley of Ochoco Creek is filled with stream-channel
alluvium interbedded with fluviolacustrine deposits that overlie
the volcanic bedrock. The majority of these materials were
deposited during the Pleistocene after a local lava flow blocked
the Crooked River Canyon about eight miles downstream from
the town of Prineville (Robinson and Price, 1963). The resultant
lake that formed extended intermittently as far east as Ochoco
Dam. At the dam, sand and gravel stream deposits dominate the
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sequence, and silt and clay lake deposits occur as thin to
moderately thick interbeds.
The volcanic materials comprising the Clarno and John Day
formations are susceptible to landsliding and numerous large
Quaternary slides line the margins of Ochoco Reservoir (Fig. 2).
One landslide lobe along the north rim forms the immediate
foundation of the dam on the right abutment. Additional
Quaternary to Recent deposits include slopewash or colluvium
on the valley walls that grade into alluvial fans at the
intersections with ephemeral tributary drainages and talus
deposits that have accumulated on steep slopes. Recent alluvial
deposits fill the channel of Ochoco Creek.
Bedrock
The John Day Formation comprises the deep foundation of
Ochoco Dam and consists of interbedded pyroclastic deposits of
dacite vitric tuff and tuffaceous clay with lesser tuff breccia and
altered basaltic flows (Link et al., 1993 ). The John Day
materials are massive to thinly bedded, moderately to intensely
fractured, intensely altered and weathered to decomposed. Field
testing demonstrated very low hydraulic conductivity for the
John Day with conductivities typically ranging from zero to
twenty feet per year and averaging eight feet per year.
Unconsolidated materials
Interbedded alluvium and fluviolacustrine sediments. Overlying
the John Day Formation in the channel section of the dam is a
sequence of mixed and interlayered stream and lake deposits.
Most of the interbedded sequence consists of sand and gravel
alluvium. The materials range from clean, poorly graded gravel
with cobbles to silty sand. In general, however, the materials are
highly permeable, well-graded gravel with sand. One prominent
bed of fluviolacustrine sediments, about 12 to 30 feet thick, was
encountered in all of the subsurface exploratory holes, both
upstream and downstream of the dam. Test drilling in the
shallower foundation beneath the dam embankment defined two
layers of alluvium separated by the prominent bed of
fluviolacustrine sediments (Fig. 3).
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Fig. 3 longitudinal section of Ochoco Dam along dam axis;
view is downstream.

Landslide. A late Pleistocene landslide overlies the alluvium on
the right side of the dam and on the right abutment (Link,
1987). This landslide is a large lateral spread mass composed of
fine-grained tuffaceous clay to monolithic blocks up to house
size. Due to its highly variable nature, this geologic unit is of
concern as the right-abutment foundation for the dam. The
material composing the slide varies greatly in gradation,
hydraulic conductivity, and material strengths (Link et al.,
1993).
In test pit excavations, open joints in rock blocks and coarse
rubble zones were observed within the landslide mass. The
joints and voids between rubble fragments were generally open
from one quarter to six inches and free of infilling. A potential
exists for piping of foundation and embankment materials
through the open-work zones.
The bottom of the slide is a deformed basal zone of mostly lean
clay and sandy elastic silt variably mixed with gravel-sized and
larger rock fragments. This material represents a rone of
extreme deformation formed during the slide movement.
Thickness of the basal zone varies from 5.5 to 37 feet in
exploratory holes and exposures from construction.
Alluvial fan/talus complex. An alluvial fan/talus complex
unconformably overlies the John Day Formation, forming the
upper left abutment of Ochoco Dam and the foundation for the
spillway. These chaotic debris deposits have an irregular,
hummocky appearance on aerial photographs that is suggestive
oflandslide morphology, but most of this hummocky appearance
is due to excavation of the unit for borrow during construction
of the dam (Link et al., 1993).

EARLY DESIGN, CONSTRUCTION AND SEEPAGE
PROBLEMS
The initial evaluations of the site for Ochoco Dam were
conducted in 1914. The investigation included survey of the
reservoir and damsite for topography and the drilling of six wash
borings at the damsite (Whistler and Lewis, 1915).
Undoubtedly, the maximum topographic constriction in the
valley, with the landslide on the right bank and the alluvial
fan/talus complex on the left bank (less construction materials
required), influenced the final location. Another consideration
would have been the most favorable topographic siting from
which to initiate the Ochoco Main Canal to serve the
downstream irrigation district lands.
Construction-era photographs (Fig. 4) show the hydraulic-fill
methods utilized to build the dam. Recent excavations for dam
safety modifications exposed the fine-grained, laminated puddle
core of the structure with interlayered sand and gravel
embankment zone on the downstream side of the puddled core.
The outer zones of the hydraulic fill consisted of coarse-grained,
angular to subangular rock fragments from three to twelve
inches in size that were placed for the purpose of coffer dams
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and outer shell placements. All of the hydraulic-fill borrow
materials came from the right abutment landslide and the alluvial
fan/talus unit on the left abutment. Judging from old
construction photographs and lithology of fragments, the coarser
coffer dam materials were hydraulically sluiced from the
fan/talus complex on the left abutment.

discovered in and around the rhyolitic rock masses immediately
upstream of the right abutment, in the same general area of the
1921 leakage. Again, backfilling and sluicing of the voids were
performed, as was some drilling and grouting. Excessive
leakage persisted.
Despite the seepage problems, the lack of funding by the private
owners of the dam precluded rehabilitation until the late 1940's.
The Interior Department Appropriation Act of 1948 authorized
Reclamation to rehabilitate Ochoco Dam with emergency funds
(U.S. Bureau of Reclamation, 1989). Performed between 1949
and 1950, the rehabilitation consisted of raising the dam six feet,
placing zone I impervious earthfill above elevation 3, l 00 feet on
the downstream side with outer shells of zone 2 pervious
material, and laying rockfill to the toe of the dam. A toe
drainage system was constructed at the base of the old dam,
underlying the newly placed zone 2. Stripping of the upstream
face of the dam and addition of a three-foot layer ofriprap was
accomplished.

Fig. 4 Original construction of Ochoco Dam. Note hydraulic
giant sluicing materials from the left abutment alluvial fan/talus
complex. Initial upstream coffer dam construction is in
progress. Right abutment landslide is in background Historical
photograph, circa 1918.
For the purpose of elevated borrow sources suitable for
hydraulic mining and containing both fines and coarse fractions,
the dam site was ideally located. Apparently, canals contoured
into the borrow area from upstream and hydraulic pumps were
utilized to furnish the water pressure for hydraulic sluicing.

OPERATIONAL PROBLEMS
Problems began on first filling of the reservoir in 1921. Total
seepage was estimated to be 43 cfs (U.S. Bureau of Reclamation,
1983). Roughly the lower two-thirds of the downstream face of
the dam (below elevation 3, I 05 feet) was saturated with
numerous springs developing at the toe of the dam. The seepage
resulted in a soft, muddy downstream face. On lowering the
reservoir, seepage conduits and sinkholes were noted around
large rhyolitic rock masses upstream on the right abutment
(within the landslide). The obvious conduits were cleaned and
sluicing with fine-grained materials was accomplished. During
this treatment, springs at the downstream toe of the dam became
cloudy (U.S. Bureau of Reclamation, 1983). In the spring of
1922, the reservoir was filled and total seepage was reduced to
about 28 cfs.
During the period from 1922 to 1947, very few records exist of
seepage conditions, but general data suggest that seepage rates
remained relatively constant (U.S. Bureau of Reclamation,
1983 ). In the spring of 194 7, numerous sinkholes were

To seal off the upstream right abutment landslide materials, a
five-foot-thick impervious earthfill blanket was placed from the
right abutment groin upstream for 450 feet (U.S. Bureau of
Reclamation, 1989). Modification also included extension of the
outlet works, addition of a high-pressure regulating gate, and a
new stilling basin. Subsurface drains were installed in the area
downstream of the right abutment in 1951 to collect seepage
exiting beyond the toe of the dam. Rehabilitation of Ochoco
Dam resulted in decreasing total seepage to about 12 cfs.

SAFETY OF DAMS MODIFICATIONS
For the majority of the life of the dam, lack of adequate
instrumentation has resulted in very little data on seepage rates
and no information on internal conditions such as pore pressure
within the embankment and embankment foundation. Starting
in 1985, an extensive exploration/instrumentation/monitoring
program was undertaken that included the installation of poroustube piezometers, seepage weirs, and surveillance of the
structure. In the fall of 1988, Ochoco Reservoir underwent an
unusually severe drawdown as a result of drought conditions the
previous spring. Upon filling of the reservoir in the spring of
1989, seepage through the right abutment increased significantly
over past years and a sudden 20-foot increase in pressure was
measured in a piezometer near the embankment/foundation
contact on the right abutment. Sinkholes were noted along the
reservoir shoreline directly upstream of the dam. Tracer dye
tests performed in 1989 in a sinkhole located upstream of the left
abutment spillway showed up in less than ten minutes in seepage
from the spillway drains downstream.
The erratic piezometric level, coincidental with the discovery of
new sinkholes in the reservoir, strongly suggested that erosion
of the dam along the foundation contact was occurring and that
the dam was no longer safe to operate at normal pool level. This
determination resulted in the imposition of a 21-foot reservoir
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operating restriction (reducing storage to 25,000 acre feet) in
September 1989 (U.S. Bureau of Reclamation, 1993). The
visible upstream sinkholes were repaired in the fall of 1989.
Also, additional piezometers were installed in the vicinity of the
piezometer with anomalous readings. This restriction, combined
with the placement of an impervious geomembrane liner in the
fall of 1990 on a four-acre portion of the right abutment and
adjacent shoreline, was an attempt to decrease seepage and
hydraulic pressure beneath the dam until further modifications
could be made. Another geotechnical deficiency that was noted
concerned the outlet works conduit. The conduit is founded on
the right abutment landslide and has settled from embankment
loading (Fig. 3). Significant piping of the embankment materials
through cracks in the conduit have occurred in the past. This
condition could lead to a structural failure of the outlet works or
a piping failure of the dam embankment.
Due to drought conditions following the 1990 modification,
Ochoco reservoir did not fill to a level needed to determine the
effectiveness of the geomembrane liner until the spring of 1993.
When the reservoir did fill, it was evident that the liner had little,
if any, effect on the seepage through the dam and hydraulic
pressures within the dam. An evaluation of operating and
monitoring data revealed continuing internal erosion of
embankment material and the potential for undetectable piping
or loss of embankment materials into the landslide that forms the
right abutment of the dam.
To minimize impacts to the various beneficiaries of water stored
in Ochoco reservoir and correct deficiencies with the dam,
Reclamation accelerated the preparation of designs and
specifications for the modifications to Ochoco Dam. Contracts
were awarded in March 1994 and construction began in April
1994. In order to facilitate the accelerated schedule of
completion in March 1995 to store spring runoff, individual
contracts were awarded for supplying filter/drain material and
for the dam modifications. Modifications to the dam consisted
of excavating the upstream surface of the existing embankment,
and excavating a deep interceptor drainage trench parallel to the
upstream toe of the dam and backfilling with zoned impervious
filter and drain materials (Figs. 3, 5, and 6). Zone I would act
as an impervious barrier and zones 2 and 3 would act as the
drainage elements. Positive cutoff would be obtained where
zone I tied to the more impervious geologic units:
fluviolacustrine sediments, landslide basal zone, and John Day
Formation. Under seepage or end-around flow, through the right
abutment landslide or left abutment alluvial fan/talus complex,
would be directed into the drainage elements.
The modification work included a breach excavated through the
existing hydraulic-fill embankment with a collector drainage
system to carry the controlled seepage to an outfall point
downstream of the dam (Figs. 3 and 5). Work also included
construction of a temporary cofferdam, development of a borrow
area in the reservoir basin, pumping inactive storage from the
reservoir, and installing, operating, and abandoning a dewatering

system. Modifications to the outlet works and outlet works
conduit were also conducted at this time.

Fig. 5 General plan map of Ochoco Dam after modification in
1994. Outline oforiginal 1920 dam is shown in shaded area.
In May 1995, modifications to the dam had been completed and
the reservoir was filling for the first time since modifications.
Onsite, 24-hour surveillance was in effect. On May 17, 1995,
the seepage doubled from 1,800 to 3,600 gpm in the main
seepage weir within a 16-hour period, and turbid flow persisted
for about eight hours. Internal pressures increased adjacent to
the outlet works tunnel behind the recently installed drainage
system. Intensive underwater and subsurface investigations
were performed throughout the summer to determine the source
and cause of the additional seepage and internal pressures.
Concern initially focused in the area near the 120-foot long
outlet works pipe extension that was constructed as part of the
modification. An exploratory grouting program was conducted
from inside the six-foot-diameter outlet pipe extension to better
define the problem and attempt to cut off seepage. The
polyurethane grout used was ineffective in reducing the seepage.
Surveyed diver placements of rhodamine WT tracer dye
continued through May, June, July, and August. On August 30,
1995, Reclamation divers found a sinkhole on the upstream
embankment of the dam, in the vicinity of the outlet works pipe
extension (Figs. 5 and 6). Underwater tests utilizing the
rhodamine tracer dye revealed a direct correlation between this
sinkhole and the seepage problems. It was subsequently found
that the sinkhole had formed through the new zoned earthfill
(Fig. 6). Filling the sinkhole with well-graded volcanic cinders
while the reservoir was still up significantly reduced the
seepage, confirming the sinkhole to be the major source of the
anomalous seepage.
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Fig. 6 Maximum section of Ochoco Dam showing 1994 limits ofexcavation and 1995 limits offorensic excavation.

Forensic excavations were required to determine the underlying
cause of the formation of the sinkhole and to repair the dam in
time to store winter floods. Ochoco Reservoir was drained down
to dead pool and pumps were installed to evacuate the dead pool
in order to perform a thorough forensic excavation. In
excavating into the old hydraulic fill under the zoned materials
used for the modification, a mass of open-work rock was
discovered, heretofore unknown. This material exhibited a high
void ratio that allowed materials from the new embankment
modification to migrate into the rock, causing a collapse of the
overlying materials and the formation of the sinkhole. This
rock pocket was connected hydraulically to the materials of the
new embankment constructed near the outlet works tower, which
explained the increase in seepage and pressures along the outlet
works tunnel.
The forensic excavation extended downward (elevation 3,012
feet) into the foundation alluvium and basal zone of the
landslide. A second sinkhole was also discovered that had
yet to migrate to the surface of the embankment (Fig. 6). The
repair methodology for this condition was to remove the
openwork material and backfill next to the foundation with a
well-graded choke filter (U.S. Bureau of Reclamation, 1996).
Ultimately, two choke filters were utilized in the rebuild to act
as a tertiary defense against further sinkhole development. The

lower choke filter is to prevent the movement of embankment
materials into the foundation and the upper choke filter to act as
a crack stopper/filter in zone I.
The forensic rebuild was completed by early December 1995
and water storage began. Dam performance was closely
monitored through the 1996 and 1997 irrigation seasons with
performance within expected parameters. Under Reclamation's
dam safety program, the spillway was upgraded to provide
protection against the inflow design flood. The work consisted
of the addition of side walls on the old spillway, a rollercompacted-concrete stilling basin, and an outlet channel (Fig. 3)
to accommodate a discharge of 15,000 cfs. This spillway
modification was completed in early 1997.
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